Protein phosphorylation provides a mechanism for the rapid, reversible control of protein function. Phosphorylation adds negative charge to amino acid side chains, and negatively charged amino acids (Asp/Glu) can sometimes mimic the phosphorylated state of a protein. Using a comparative genomics approach, we show that nature also employs this trick in reverse by evolving serine, threonine, and tyrosine phosphorylation sites from Asp/Glu residues. Structures of three proteins where phosphosites evolved from acidic residues (DNA topoisomerase II, enolase, and C-Raf) show that the relevant acidic residues are present in salt bridges with conserved basic residues, and that phosphorylation has the potential to conditionally restore the salt bridges. The evolution of phosphorylation sites from glutamate and aspartate provides a rationale for why phosphorylation sometimes activates proteins, and helps explain the origins of this important and complex process.
INTRODUCTION
Protein phosphorylation is a ubiquitous mechanism for the temporal and spatial regulation of proteins involved in almost every cellular process. Protein phosphorylation is important in prokaryotes, where the best-characterized kinases catalyze the phosphorylation of histidine residues (Laub and Goulian, 2007) . Phosphorylation appears to be even more important and more widespread in eukaryotic cells, but while histidine phosphorylation does occur in at least some eukaryotes, most eukaryotic protein phosphorylation occurs at serine, threonine, and tyrosine residues (Manning et al., 2002a) . The human genome includes about 500 genes for protein kinases that phosphorylate serine, threonine, and/or tyrosine residues (Manning et al., 2002b) and about 200 genes for phosphoprotein phosphatases that dephosphorylate them (Alonso et al., 2004) . Thus, approximately 3.5% of human genes are devoted to proteins that directly regulate protein phosphorylation. The substrates of these kinases and phosphatases are numerous; one commonly cited estimate is that approximately 30% of proteins are phosphorylated (Cohen, 2000; Holt et al., 2009 ). Since many phosphoproteins are phosphorylated at multiple sites, there are probably tens of thousands of different phosphorylation sites in the human proteome.
This raises the question of how these myriad phosphorylation sites have evolved. One possibility might be that the protein evolved first, with some structurally or functionally important Ser, Thr, or Tyr residue present on the surface of the protein, and that the phosphorylation of this residue evolved later. A strong prediction of this model is that most phosphorylations should negatively regulate protein function, since a fully functional protein is assumed to be present before the phosphorylation has evolved ( Figure 1A ).
Phosphorylation does sometimes inactivate proteins. For example, phosphorylation of the prokaryotic citric acid cycle enzyme isocitrate dehydrogenase blocks the enzyme's active site (Hurley et al., 1990 (Hurley et al., , 1989 , providing a rapid and reversible off-switch for the protein. Another example is the eukaryotic cyclin dependent kinase CDK1, which is inactivated by the Wee1 and Myt1 protein kinases through the phosphorylation of two residues, Thr 14 and Tyr 15, in its catalytic cleft (Morgan, 1995) .
However, many phosphorylations are activating rather than inactivating. For example, CDK1 activity is positively regulated by the phosphorylation of Thr 161, a residue just outside the catalytic cleft (Brown et al., 1999; Morgan, 1995) . It is less intuitive how activating phosphorylations might evolve, since presumably the nonphosphorylated ancestor of the phosphoprotein would be inactive.
One possible mechanism is suggested by mutational studies of isocitrate dehydrogenase. Thorsness and Koshland showed that substituting an acidic aspartate residue for the serine phosphorylation site mimicked the phosphorylated state of the protein (Thorsness and Koshland, 1987) . The rationale behind this observation is that acidic residues are negatively charged, like pSer, pThr and pTyr (although Glu and Asp are singly charged whereas pSer, pThr, and pTyr are, nominally, doubly charged at physiological pH [Cooper et al., 1983] ), and Asp and Glu are approximately isosteric with pSer and pThr (Figure 1B) . This ''trick'' of substituting Asp or Glu for pSer or pThr turns out to be widely applicable. Although there are examples where two acidic residues are needed to mimic one phosphorylation event (Strickfaden et al., 2007) , as well as examples where the activity of the Asp or Glu mutant is more like that of the nonphosphorylated form than the phosphorylated form (Posada and Cooper, 1992) , often the Asp or Glu mutants do faithfully mimic the phosphorylated state.
Perhaps nature has been using this same trick in reverse. Imagine that a protein initially evolves with a functionally important glutamate on its surface; for example, in a salt bridge that stabilizes a fold that is necessary for proper function ( Figure 1C) . A mutation then occurs (perhaps in a nonessential, duplicated gene) and the negatively charged glutamate is replaced by a neutral serine. This destabilizes the salt bridge, rendering the protein inactive. If some kinase is able to phosphorylate the serine, the negatively charged phosphate could reestablish the salt bridge, stabilize the fold, and reactivate the protein. A switchable tyrosine phosphorylation site seems less likely to evolve by this mechanism, since phosphotyrosine is less structurally similar to Glu and Asp than pSer and pThr are, but in cases where net charge is more important than the details of the side chain structure, evolution of a phosphorylated tyrosine from acidic amino acids might be possible.
Here, we have examined the sequence record for evidence of the evolution of ancestral glutamate or aspartate residues into phosphorylation sites. Our findings support the idea that some phosphorylation sites-perhaps $5% of the sites we have examined-have evolved from acidic residues, and that such sites appeared both at the divergence of eukaryotes from prokaryotes and at subsequent times in evolution.
RESULTS

Glutamate and Aspartate Substitution Rates at Phosphoserines versus Control Serines
If some phosphosites evolved from acidic amino acids, it might be possible to detect those ancestral origins in homologous proteins that have continued to exist in the unphosphorylatable, acidic form. To test this idea, we asked whether aspartate and glutamate are found at higher rates at the positions of known phosphorylation sites than at sites not known to be phosphorylated. If so, it could mean that phosphosites evolved from Asp/ Glu, acidic residues evolved from phosphosites, or both.
We created a database of experimentally verified phosphoproteins collected from the literature (Ballif et al., 2004; Beausoleil et al., 2004; Blom et al., 1999; Ficarro et al., 2002) . Because most of the phosphosites were serines (7854 pS, 1688 pT, and 566 pY in our analysis) and we would expect different amino acid substitution rates for serines, threonines, and tyrosines, we initially chose to focus on the subset of phosphoproteins containing verified phosphoserines. For each phosphoprotein we obtained its most closely related homologs using BLAST (Altschul et al., 1990) . We then generated multiple sequence alignments for each phosphoprotein and its homologs using PROBCONS (Do et al., 2005) , a choice made for its high degree of accuracy rather than speed of alignment (Essoussi et al., 2008) . For some large alignments (more than 100 sequences), memory limitations inherent to PROBCONS made it necessary to use another alignment tool, MUSCLE (Edgar, 2004) . MUSCLE is capable of handling larger alignments and also produces highquality alignments.
A sample of this procedure is shown in Figure 2A . The phosphoprotein in this case is the S. cerevisiae enolase Eno1, and the phosphorylation site is Ser 10. The alignment included 233 enolase homologs, some with serines at the position of Ser 10. We then determined the frequencies at which the nineteen other amino acids were found at the position of the phosphoserine ( Figure 2A , red column). We compared these frequencies to the frequencies at which amino acids were found at the positions of control serines-serines not known to be phosphorylated-in S. cerevisiae enolase (Figure 2A , black columns).
The control serine results are shown by the black bars in Figure 2B . Alanine, a common amino acid that is structurally similar to serine (Dayhoff, 1978) , was the most common replacement, whereas tryptophan, a rare amino acid that is structurally dissimilar to serine (Dayhoff, 1978) , was the least common ( Figure 2B ).
To see which amino acids were enriched at serine residues relative to their overall abundance in this set of proteins, we divided the replacement percentages plotted in Figure 2B by the abundances of the respective amino acids at all positions in the proteins in our multiple sequence alignments ( Figure 2C , black bars). By this measure, Thr, Asn, and Ala were present at the highest relative rates, and isoleucine, leucine, and tryptophan at the lowest ( Figure 2C ).
The red bars in Figures 2B and 2C show the incidence of each amino acid at the positions of the phosphoserines in our dataset. Thr, Glu, and Asp were found more frequently at phosphoserines than at control serines. Bootstrapping yielded low p values for these three enrichments ( Figure 2D ). The large hydrophobic amino acids, which were underrepresented at the positions of control serines ( Figure 2C ), were even more underrepresented at phosphoserines ( Figure 2D ). Another group has also recently shown that Glu and Asp are overrepresented at the positions of phosphoserines relative to control serines (Kurmangaliyev et al., 2011) .
Glu and Asp are found preferentially on the surfaces rather than the interiors of proteins (Miller et al., 1987; Tjong et al., 2007) . Since phosphoserines might be expected to favor protein surfaces more than control serines do, the enrichment of Asp/ Glu residues at phosphoserines versus control serines could simply reflect this shared preference for the surface. If so, then the other amino acids with a strong preference for surface exposure (Lys, Arg, Gln, and Asn) (Miller et al., 1987; Tjong et al., 2007) should be enriched at phosphoserines. However, Lys, Arg, and Gln were less likely to be found at the position of phosphoserines than at control serines, and Asn was not significantly more likely to be found at phosphoserines than at control serines ( Figure 2D ). Thus the enrichment of acidic residues at phosphosites appears not to be due to a general enrichment of polar or charged residues.
The conservation of phosphoserines was higher than that of control serines (43 ± 1% versus 24 ± 0.2%), and the frequency at which gaps were found at the positions of phosphoserines was lower than that of control serines (13 ± 1% versus 30 ± 0.3%). This suggests that phosphoserines are more likely to be critical to the function of a protein than control serines.
A Subset of Phosphoserines Has Very High Percentages of Asp/Glu Replacement We next asked whether the overrepresentation of Asp/Glu residues was evenly distributed over all of the phosphoproteins, or arose from a subset of phosphosites with very high replacement frequencies. To address this question we binned our alignments according to the combined Asp+Glu perecentages at the position of phosphoserines or control serines. We carried out this binning on all of the sequence alignments with at least 60 homologs; these alignments contained 234 phosphoserines and 16,198 control serines. The fraction of the alignments with a given Asp/Glu percentage declined approximately exponentially for the control serines. For the phosphoserines ( Figure 3A , red) there was a similar decline up until the 50% bin, above which the distribution leveled off. Approximately 6.8% of phosphoserine sites had at least 50% Asp or Glu at their position in the multiple sequence alignments, as opposed to just 1.8% for control serines (p = 4 3 10 À6 ). Thus, there is a group of proteins with a very high frequency of replacement of Glu or Asp for phosphoserines, suggesting that phosphosites evolved from acidic residues (or vice versa) in these protein families. Similar trends were seen when cutoffs of more or less than 60 homologs were used for inclusion in the binning. Thus, approximately 5% more of the bona fide phosphorylation sites had Asp+Glu replacement percentages of >50% than did the control serines.
As a further control, we looked for an indication that the high Asp/Glu replacement percentages might be due to the structural similarity of Asp and Glu to pSer rather than the charge similarity. If so, we might expect more phosphosites than control serine sites to have high percentages of Asn+Gln replacement, since Asn and Gln are structurally similar to Asp and Glu. As seen in Figure 3B , we do not find an overabundance of high Asn+Gln replacements percentages at the position of phosphoserines. In fact, only 0.46% of phosphoserines have >50% replacement by Asn or Gln, compared to 0.65% for control serines (p = 0.69). This suggests that it is the acidic nature of Asp and Glu that promoted their evolutionary overrepresentation at the position of phosphoserines.
Phylogenetic Analysis
The high frequency at which Asp/Glu residues were found at the positions of phosphoserines suggests that acidic amino acids may have often evolved into phosphosites, or vice versa, during evolution; however, pairwise alignments are insufficient to identify evolutionary events and therefore cannot distinguish these hypotheses from alternatives. Phylogenetic analysis and reconstruction of ancestral sequence states allow the timing and direction of historical sequence changes to be inferred, providing a direct test of our hypothesis.
We began by examining the 16 serine-phosphorylated proteins with the highest Asp/Glu replacement percentages; later we extended the analysis to phosphothreonine and phosphotyrosine sites with high Asp/Glu replacement percentages as well. Phylogenetic trees were inferred from the multiple sequence alignments using a maximum likelihood method implemented in the software package PhyML (Guindon and Gascuel, 2003) . The leaves of the trees were colored to indicate which amino acid was present in each homolog at the position of the phosphosite. Green denoted the phosphorylatable amino acids Ser, Thr, and Tyr; red denoted the acidic residues Asp and Glu, and gray represented any other amino acid. We used the maximum likelihood trees inferred by PhyML as input to a second maximum likelihood implementation, FASTML (Pupko et al., 2002) , to infer the sequences of the hypothetical ancestral proteins represented by the internal nodes, and colored these nodes according to the amino acid hypothesized to be present at the position of the phosphosite.
Most of the 16 trees displayed one of three basic patterns of Ser/Thr/Tyr versus Asp/Glu residues. Examples of each are shown in Figure 4 , Figure 5 , and Figure 6 and described below.
Emergence of Phosphorylation Sites at the Prokaryotic/ Eukaryotic Split Elongation Factor eEF2
The protein eEF2 is a translation factor required for the translocation step in protein synthesis (Jorgensen et al., 2006) . Human eEF2 is reported to be phosphorylated at Ser 502 . The functional significance of this phosphorylation is uncertain.
The EF2 tree included eukaryotic eEF2 proteins, archaeal aEF2 proteins, and bacterial EF-G proteins ( Figure 4A ). The amino acids in the vicinity of Ser 502 were well conserved throughout the tree ( Figure 4C ). The tree was rooted using the related E. coli protein EF4 as an outgroup, which placed the root of the tree between the archaea and the bacteria ( Figure 4A ), consistent with current views of deep phylogenetics (Ciccarelli et al., 2006; Pace, 2009) .
Almost all (27/28) of the eukaryotic eEF2 homologs had a phosphorylatable residue at the position corresponding to Ser 502. Most (211/224) of the bacterial, mitochondrial, and archaeal homologs, had either Asp or Glu at that position. All of the eukaryotic eEF2 proteins with serine residues at the position of Ser 502 appear to have been derived from a single Glu / Ser change at the divergence of eukaryotes from archaea, which has been maintained ever since ( Figure 4A ). The two eEF2 proteins with Thr residues at the position of Ser 502 may have 
. Evolution of Phosphorylation Sites from Acidic Residues at the Divergence of Eukaryotes from Prokaryotes
(A) Homologs of human eEF2, which is phosphorylated at S502. The tree is colored to depict the amino acids present in homologs of human eEF2 at the positions corresponding to pS502. Human eEF2 is denoted by the star. eEF2 homologs were identified using BLAST. Homologs with E-values < 10 À16 were aligned. Trees were inferred by PhyML using maximum likelihood. The tree was rooted using E. coli EF4 as an outgroup. Leaves were colored according to the amino acid at the relevant position. Internal nodes were colored based on the maximum likelihood amino acid inferred for those ancestral sequences using FASTML. The amino acids inferred for the hypothetical ancestors of human eEF2 are shown.
arisen from an independent Glu / Thr amino acid change (Table  S2A available online) . DNA Topoisomerase II DNA topoisomerase II (Topo II) is a conserved enzyme that catalyzes the passage of one DNA duplex through another (Schoeffler and Berger, 2008) . Eukaryotic Topo II is a homodimer. Its prokaryotic homolog, gyrase, is an A 2 B 2 tetramer, with gyrase B corresponding to the N-terminal half of eukaryotic Topo II and gyrase A corresponding to the C-terminal half. It has been reported that human topoisomerase IIb is phosphorylated at Thr 639 and Ser 640 ( Figure 4B ) (Wang et al., 2010) , with the functional consequences of these phosphorylations unknown. The BLAST search using human Topo IIb as query yielded sequences including vertebrate topoisomerase IIa and IIb proteins, other eukaryotic Topo II proteins, and prokaryotic gyrase proteins, with the position of the phosphosite present in the gyrase B chains. The amino acids surrounding the phosphosite were well conserved throughout the tree ( Figure 4D ). We were unable to identify a satisfactory paralog to use as an outgroup; the rooting shown in Figure 4B is arbitrary.
The Topo II tree consisted of two main clades ( Figure 4B ). The first included the eukaryotic Topo II proteins plus three viral Topo II proteins whose genes were likely to have been transduced from their eukaryotic hosts. The second included all of the bacterial, archaeal, and chloroplastic/mitochondrial Topo II proteins. All of the animal, fungal, plant, and protist Topo II homologs had phosphorylatable Thr and Ser residues at the sites corresponding to Thr 639 and Ser 640, respectively. All of the bacterial, archaeal, and chloroplastic/mitochondrial Topo II homologs had a glutamate residue at the position of Thr 639 and a Met or Ile residue at the position of Ser 640 ( Figure 4B ). If one assumes that bacteria and archaea diverged before eukaryotes and archaea did (Ciccarelli et al., 2006; Pace, 2009) , then the Glu 639/Met 640-containing Topo II proteins probably came first, with the Thr 639/Ser 640 arising later.
Emergence of Phosphorylation Sites Later in Evolution Enolase
Some phosphosites apparently evolved after the divergence of eukaryotes from bacteria and archaea. One example of this is provided by enolase, a key enzyme in glycolysis and gluconeogenesis. The S. cerevisiae enolases Eno1 and Eno2 have been reported to be phosphorylated at Ser 10 (Ficarro et al., 2002) , and the region surrounding this residue is well conserved among prokaryotes and eukaryotes ( Figure 5C ).
Enolase homologs with phosphorylatable residues at this position were largely confined to the fungal clade of the phylogenetic tree ( Figure 5A ). Of the nonfungal sequences, most contained either Asp or Glu at this position.
Figure 5B shows a tree inferred for 30 fungal enolases from 23 dikaryal fungal species. All seven basidiomycetes enolases had nonacidic, nonphosphorylatable amino acids at the Ser 10 position, with Gln being the most common. Almost all of the ascomycetes enolases had phosphorylatable residues at this site, and the remaining two (one of the two S. pombe enolase paralogs and the K. waltii enolase) had Gln residues.
Reconstruction of the sequences of the ancestral species suggests that the primordial enolase protein possessed a Glu residue at the position of pSer 10, with this Glu residue persisting in most present day prokaryotes, protists, and vertebrates ( Figures 5A and 5B) . This residue apparently then became a Gln in some eukaryotes, and persists as a Gln in invertebrates, plants, and basidiomycetes fungi. Finally, the Gln residue became a phosphorylatable amino acid shortly after the divergence of the ascomycetes fungi from the basidiomycetes fungi. This dates the evolution of the phosphosite to approximately 400 mya (Taylor and Berbee, 2006) , the time when the ascomycetes and basidiomycetes are thought to have diverged, and raises the possibility that amide amino acids like Gln can act as intermediaries in the evolution of phosphosites.
Emergence of Phosphosites in Particular Paralogs of a Multiparalog Protein Family
Raf Some of the BLAST searches yielded families of paralogous proteins where a phosphosite was present in some modern paralogs and a Asp/Glu residue was present in others. One example is provided by the Raf family of protein kinases. Most vertebrates possess three Raf homologs: A-Raf, B-Raf, and C-Raf. The C-Raf proteins have a pair of adjacent tyrosine phosphorylation sites (Tyr 340 and Tyr 341 in human C-Raf) just N-terminal to its kinase domain, and these phosphorylations are critical for C-Raf activation (Fabian et al., 1993; Marais et al., 1995) . These Tyr phosphorylation sites are present in A-Raf as well, but the corresponding sites in B-Raf are Asp residues, and the Asp residues are critical for B-Raf function (Fabian et al., 1993; Marais et al., 1995) .
To investigate the evolutionary relationships among these Raf proteins, we aligned the sequences of all of the Raf homologs present in the KEGG database and inferred a maximum likelihood tree. As shown in Figures 6A and 6B and Table S4A , almost all of the C-Raf proteins have YY residues at the positions of Tyr 340 and 341. The one exception is from the horse Equus caballus, which has a duplicated C-Raf gene; one of its C-Raf proteins has the typical YY residues, and the other has CY in their place. All of the A-Raf sequences contain YY residues. All of the B-Raf proteins have DD residues, and all of nonvertebrate Raf proteins have some variation on DD (DD, ED, DE, EG, or EN). Interestingly, the EN variation is confined to a sub-clade of the insects, and all of those Raf proteins have not only lost the second acidic residue, but have also gained a new acidic residue just N-terminal to the EN site ( Figures 6A and 6B ). These findings indicate that C-Raf's activating Tyr phosphorylations evolved (B) Homologs of human topoisomerase II (Topo II) b were identified and aligned, and trees were inferred and colored as described for panel A. Human Topo II is phosphorylated at T639 and S640. The former residue is replaced by a Glu in all of the prokaryotic gyrase B proteins. A larger version of this figure, which includes species names and bootstrap values, is available as Figure 1B . The asterisks denote three viral Topo II homologs. (C and D) Amino acid sequences close to the phosphosites for a few selected eEF2 and Topo II homologs. For larger versions of the trees shown in panels (A) and (B), and control trees, see Table S2 .
Figure 5. Evolution of Phosphorylation Sites from Acidic Residues Later in Evolution
(A and B) S. cerevisiae enolase Eno1. Homologs of the S. cerevisiae enolase Eno1 were identified and aligned, and trees were inferred as described for Figure 4 . The root of the tree was placed between the archaea and eukaryotes. An expanded view of thirty fungal enolases is shown in panel (B). The fungus Cryptococcus neoformans was used as an outgroup to define the root of the tree. (C) Amino acid sequences close to the phosphosite for a few selected enolase homologs. See also Table S3. from a primordial Raf protein with a pair of acidic residues in their place, with phosphorylation conditionally restoring a function formerly provided by the acidic residues.
The G-Protein-Coupled Receptor Kinases
The GRK family of protein kinases provide another example of paralogs where some possess phosphorylation sites and others Table S4. possess acidic residues. Bovine GRK5 is reported to be autophosphorylated at Ser 484 and Thr 485, two sites C-terminal to the GRK5 kinase domain, with these phosphorylations increasing the activity of GRK5 toward the b 2 -adrenergic receptor by 15-to 20-fold (Kunapuli et al., 1994) . The corresponding residues are also known to be phosphorylated in GRK1 and GRK6 (Olsen et al., 2006; Palczewski et al., 1992) , and the region around these residues is well aligned in all of the GRK-family proteins ( Figure 6E) .
The GRK tree divides into two main clades. One contains the vertebrate GRK1 and 4-7 proteins together with their closest invertebrate relatives, and the other contains GRK2 and 3 and their closest invertebrate relatives ( Figures 6C and 6D) . Most of the GRK1, 4, 5, and 6 proteins have a Ser residue at the position of Ser 484 and a Thr residue at the position of Thr 485 (Figures 6C and 6D and Tables S3B and S3C) . Most of the GRK2 and 3 proteins have four acidic residues (DEED) in place of Ser 484 and Thr 485. The GRK7 proteins possess a conserved serine in the position of Ser 484 and a single acidic amino acid in the position of Thr 485. Thus, as was the case with Raf, phosphosites and acidic residues are confined to particular paralogs, with both the phosphosites and acidic residues generally being maintained throughout the subsequent evolution of the paralogs. Figure 6E shows the residues around the positions of Ser 484/ Thr 485 in the several GRKs. Note that different GRK paralogs employ different combinations of fixed charges (acidic residues) and conditional charges (phosphorylation sites) in this region.
Evolution of a Phosphosite into an Acidic Residue
The GRK trees (Figures 6C and 6D and Tables S3B and S3C) were rooted using human Akt2, the closest human non-GRK homolog of the GRKs, as an outgroup. With the root defined this way, it was difficult to determine whether the DEED or ST pattern is likely to have come first, or whether both evolved independently from nonacidic, nonphosphorylatable residues.
However, the tree illustrates another interesting phenomenon. It seems likely that one subgroup of the GRKs replaced Thr 485 with a glutamate residue, which is now present in the GRK7 proteins ( Figures 6C and 6D) . Thus, the GRKs provide an example of evolution of a phosphosite into an acidic amino acid, changing a conditional negative charge to a fixed negative charge.
Another such example is provided by the CMGC family of protein kinases. The primordial CMGC kinase is predicted by maximum likelihood reconstruction to have had a T-X-Y dual phosphorylation motif, as the present-day MAP kinase proteins do, whereas a small clade of CDK1-like kinases appear to have replaced the Tyr residue with a Glu (Table S4H) .
Trees for Control Serine Sites
We next examined several ''control trees''-phylogenetic trees where the leaves, branches and internal nodes were colored based on the amino acids present at serine sites that are not known to be phosphosites (Tables S2B and S2C, Tables S3C-S3E, and Tables S4D-S4G ). In the case of eEF2 we identified two control serines, Ser 530 and Ser 774, that had Asp/Glu replacement percentages that were roughly equal to those of the phosphosite, pSer 502. The Ser 530 tree (Table S2B) was quite similar to the phosphosite tree ( Figure 4A) ; all of the eukaryotic eEF2 homologs had phosphorylatable residues at this site, whereas almost all of the prokaryotic homologs possessed acidic residues. According to our hypothesis Ser 530 could be a good candidate for an undiscovered phosphosite. Several other control serine sites with high Asp/Glu replacement percentages are shown in Table S1 . It will be of interest to determine whether high Asp/Glu replacement percentages can be used to successfully predict phosphorylation sites.
The Ser 774 tree (Table S2C ) was qualitatively different, with both acidic and phosphorylatable residues scattered throughout the eukaryotes, bacteria, archaea, and mitochondria. Most of the control trees constructed for the enolase and GRK families also showed scattered distributions of Asp/Glu versus Ser/Thr/ Tyr residues (Tables S3C-S3E and Tables S4D-S4G ). These findings suggest that patterns of acidic residues versus phosphorylatable residues seen at phosphosites (Figure 4 , Figure 5 , and Figure 6 ) were not adventitious; instead it appears that both types of residues have been actively maintained.
Topo II, Enolase, and Raf Protein Structures
The original rationale for this work was that some phosphorylation sites have arisen from structurally important Asp/Glu residues (Figure 1 ). We were therefore interested in investigating the structural contexts of the phosphosites and corresponding acidic residues for the protein families shown in Figure 4 , Figure 5, and Figure 6 . Were the acidic residues present in salt bridges? If so, was the hydrogen bond donor a conserved basic residue? Once the phosphosite had evolved, was the salt bridge lost in the dephospho-form, and might it be regained through phosphorylation?
In the case of Topo II, crystal structures are available for the S. cerevisiae Topo II homodimer, which possesses the phosphosite conserved among eukaryotes (Thr 607), and for the E. coli gyrase A 2 B 2 tetramer, which has an acidic residue (Glu 744) in its place. Glu 744 resides in the gyrase B chains and participates in an interchain salt bridge with Lys 65 in gyrase A ( Figure 7A ). The distance between the Lys side chain nitrogen and the closest Glu oxygen is 3.1 Å , compatible with a salt bridge (Vogt et al., 1997) . Lys 65 is well conserved throughout the Topo II/gyrase family.
We superimposed the S. cerevisiae Topo II homodimer structure on the E. coli gyrase tetramer structure ( Figure 7A ). The conserved basic residue (Lys 720) resides close to Lys 65, and the phosphosite (Thr 607) sits close to where the Glu residue in gyrase resides, but the salt bridge is lost; the distance from the side chain oxygen in Thr 607 to the closest nitrogen in Lys 720 is 7.3 Å . It is structurally plausible that the phosphorylation of Thr 607 could restore the salt bridge present in bacterial gyrase.
Crystal structures are also available for S. cerevisiae Eno1 in its nonphosphorylated form, and for E. coli enolase, which has a Glu residue at the position of Ser 10. As shown in Figure 7B , the E. coli enolase possesses a 2.7 Å salt bridge between the Glu residue and a conserved basic residue (Arg 57). In nonphosphorylated yeast Eno1, a basic residue (Lys 56) is present at the position of Arg 57, but the distance between this residue's amino nitrogen and the Ser 10 oxygen is 12.8 Å , (Figure 7B ). Phosphorylation of Ser 10 could plausibly restore the lost salt bridge.
A third example is provided by the Raf family proteins. In human B-Raf, one of the two Asp residues (Asp 448) forms a 3.5 Å salt bridge with a conserved Arg residue, Arg 505. This residue is part of the aC helix, a structural element critical for protein kinase activation ( Figure 7C ). The interaction between Asp 448 and Arg 505 has been hypothesized to stabilize the active conformation of B-Raf (Wan et al., 2004) . The salt bridge is lost in C-Raf; the distance from the hydroxyl oxygen of the corresponding tyrosine (Tyr 341) to the nearest nitrogen in the corresponding arginine (Arg 398) is 7.7 Å . It seems plausible that phosphorylation of Tyr 341 could again restore the salt bridge.
Thus, crystal structures provide support for the underlying scenario (Figure 1 ) that motivated our hypothesis that some phosphosites have evolved from acidic residues.
DISCUSSION
Here, we have used comparative genomic analysis to demonstrate that some phosphorylation sites have evolved from acidic amino acids. The acidic amino acids Asp and Glu were found to be present at the positions of phosphoserines more often than they were at control serines (Figure 2) . Additionally, other charged and polar amino acids did not show increased incidence, indicating the importance of the negative charge in this enrichment. We did not see a similar enrichment of Asp and Glu at Thr or Tyr phosphorylation sites. This may have been simply due to the smaller number of Thr and Tyr phosphorylation sites in our database, as other evidence, discussed below, supports the hypothesis that all three types of phosphorylation sites (Ser, Thr, and Tyr) can evolve and have evolved from acidic residues.
For our high-confidence set of multiple sequence alignments-those with at least 60 homologs-6.8% of the 234 phosphosites had very high (>50%) incidences of Asp or Glu at the position of the phosphosite, while only 1.8% of the 16198 control serine sites did (Figure 3 ). This suggests that $5% of the phosphorylation sites we examined may have evolved from acidic residues.
Phylogenetic analysis demonstrates that the switch between acidic and phosphorylatable residues occurred for some proteins at the evolutionary division between eukaryotes and prokaryotes (Figure 4 ). In the two examples examined in detail here (eEF2 and Topo II), most or all of the bacterial and archaeal species possessed a Glu residue, and most or all of the eukaryotic species possessed a Ser or Thr residue at the position of the phosphosite. If one assumes that the split between bacteria and archaea occurred prior to the split between prokaryotes and eukaryotes, the phosphorylation site probably evolved from the acidic residue rather than vice versa. This interpretation is supported by the maximum likelihood (FASTML) reconstruction of the ancestral sequences for the eEF2 tree. Reconstruction of the ancestors for the Topo II tree is also consistent with this direction of evolution (Glu / Thr), although we have less confidence in the rooting of this tree. The phosphosite appears to have evolved once (Topo II) or possibly twice (eEF2), and to have then been maintained over long evolutionary times.
At other times the switch between an acidic amino acid and a phosphosite occurred later in evolution. For example, it In all three panels, the structures were superimposed so as to minimize the overall RMS deviation of the positions of the aligned residues, using UCSF Chimera (Pettersen et al., 2004). occurred at the divergence of ascomycetes from basidiomycetes fungi ($400 mya) in the case of enolase ( Figure 5A-5C ). In the GRK and Raf families, the switch occurred early in animal evolution, with modern species retaining Asp/Glu-residues in some paralogs (GRK2/3, B-Raf) and acquiring phosphorylatable residues in others (GRK1, 4-7, A-Raf, and C-Raf). It appears that Raf gene duplication has allowed a primordial DD-containing Raf to evolve new conditional regulation. For GRKs it is not clear whether the acidic residues or phosphosites came first.
With the GRKs, it appears that two phosphorylation sites have replaced four acidic residues, consistent with the observation that sometimes a pair of acidic amino acids better mimics a phosphorylation than a single amino acid does (Strickfaden et al., 2007) . In most of the examples examined here, however, phosphorylation sites appear to have replaced single amino acids, in line with Thorsness and Koshland's classic study (Thorsness and Koshland, 1987) .
Our original rationale for hypothesizing that phosphorylation sites evolved from acidic residues provided an explanation for the fact that phosphorylation sometimes activates proteins. In two of the seven examples examined in detail here (Raf, GRK), the phosphorylation is in fact known to be activating. In the other cases the functional significance of the phosphorylations remains untested. We predict that many of these will prove to be activating phosphorylations.
Finally, we found examples where a phosphorylation site appears to have become fixed as a glutamate residue. In the GRK7 protein kinases, a glutamate residue appears to have evolved from a threonine phosphosite that remains present in the GRK1, 4, 5, and 6 proteins ( Figure 6C) . A second example is provided by the CMGC family of protein kinases, where one clade of the kinases (the CDK1-like kinases) appears to have evolved a glutamate residue in the place of an activating tyrosine phosphorylation site (Table S3H) .
Phosphorylation sites are sometimes found in conserved, structured regions of proteins, but more frequently they are found in poorly conserved, putatively unstructured regions (Holt et al., 2009; Moses et al., 2007) . The prevailing hypothesis is that the former type of site is more likely to be involved in complicated allosteric regulation, and the latter type of site is more likely to be involved in simpler types of regulation such as bulk electrostatic effects or the generation of phosphoepitopes (Holt et al., 2009; Moses et al., 2007; Pawson et al., 2001; Serber and Ferrell, 2007) . Our original rationale (Figure 1 ) seems more applicable to well-conserved phosphorylation sites in structured regions. Indeed, despite the fact that $60%-90% of phosphorylation sites are believed to be the poorly conserved type (Holt et al., 2009; Kurmangaliyev et al., 2011; Moses et al., 2007) , all five of the phosphosites examined in Figure 4 , Figure 5 , and Figure 6 are evolutionarily well-conserved and present in structured regions of the proteins. This raises the interesting possibility that phosphosites that evolved from Asp/Glu residues will be more likely than average to be involved in allosteric regulation.
The crystal structures of Topo II, enolase, and Raf show that in the Asp/Glu-containing versions of these protein, the acidic residue is involved in a salt bridge with a conserved basic residue, and in the Ser/Thr/Tyr-containing versions, the salt bridge is lost, with phosphorylation having the potential to restore it (Figure 7 ). These findings provide strong support for the rationale that motivated these studies (Figure 1) .
Taken together, this work provides insight into the evolution of phosphorylation, and in particular provides a rationale for how well-conserved, activating phosphorylations have evolved.
EXPERIMENTAL PROCEDURES
Identifying Homologs
The list of proteins closely related to each of phosphoprotein in our database was generated using stand-alone protein BLAST (Altschul et al., 1990 ) (blastp) against the nonredundant ''nr'' protein database using default options. From these results, only those that were closely related (E-value % 10 À16 ) were used for subsequent alignment and analysis.
Alignments
For each phosphoprotein and its close relatives, a multiple sequence alignment of the protein sequences was generated using PROBCONS 1.09 (Do et al., 2005) . Default options were used with the exception that iterative refinement was set to the maximum of 1,000 iterations using the argumentiterative-refinement 1,000. For very large alignments MUSCLE 3.6 (Edgar, 2004) was used for its high quality alignment generation as well as reduced memory requirements.
Binning and Bootstrapping
The bins for glutamate/aspartate replacement and their error bars were generated by bootstrap sampling, using the phosphosites for which there were at least 60 homologs in the alignment (n = 234). Thus 234 phosphosites were chosen with replacement from this set, and each site in the sample was placed in the appropriate bin based on what percentage of replacement amino acids were either glutamate or aspartate. This was repeated 1,000 times. The percentage replacement in each bin was calculated as the mean of the percentage of sites in each bin in the bootstrap samples. The error bars are the standard deviation of the bootstrap sample percentages from this mean. The same procedure was repeated for control serine sites (n = 16,198) .
The p values reported in Figure 2 and Figure 3 were also calculated by bootstrapping. The p values for the amino acid replacement ratios ( Figure 2) were obtained using the following method: All phosphoserine sites and control serine sites were grouped together into a new, combined data set. This set (representing the null hypothesis that amino acids are found at the same frequency at the positions of phosphoserines and control serines) was sampled with replacement, drawing a bootstrap phosphoserine set and control serine set, each the same size as the original sets. This was repeated 10,000 times. The p value for each amino acid was calculated as the percentage of bootstrap samples which resulted in a replacement ratio at least as great as the ratio for that amino acid calculated using the true phosphoserine and control sets.
For Figure 3 , we pooled the phosphoserine and control serine alignments, and randomly sampled with replacement 234 as mock phosphoserines and 16000 as mock control serine sites. For the Asp+Glu distribution, the sampling was repeated 10 6 times and we calculated the fraction of the bootstrap samples that showed at least 5% (6.8% to 1.8%) difference in Asp+Glu replacement percentages between mock phosphoserine alignments and the mock control serine alignments. For the Asn+Gln distribution, we calculated the fraction of the bootstrap samples that showed at least 0.19% (0.46% to 0.65%) difference in Asn+Gln replacement perentages between mock phosphoserine alignments and the mock control serine alignments.
Trees
Phylogenetic trees depicting the relationship of the aligned sequences were inferred using PhyML 3.0 (Guindon and Gascuel, 2003) . Gapped regions that were poorly conserved were first removed from each alignment. Each alignment was then tested using ProtTest 3.0 (Abascal et al., 2005) to determine the most appropriate protein evolution model and associated parameters for phylogenetic inference. The models, parameters and ungapped alignments were then used in PhyML to infer the trees. The leaf nodes in each tree were colored to depict the amino acid present at the position of interest for each taxon in the alignment from which the tree was inferred. The internal nodes were colored according to the amino acid at the predicted ancestral sequence at that node. These sequences were reconstructed using maximum likelihood by FASTML (Pupko et al., 2002) . FASTML uses the inferred maximum likelihood tree, the alignment from which the tree was inferred, and the protein evolution model and parameters to calculate the most likely ancestral sequence at each internal node.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four tables and can be found with this article online at doi:10.1016/j.cell.2011.08.052.
